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ABSTRACT Viral hemorrhagic septicemia virus (VHSV), a rhabdovirus infecting teleost
fish, has repeatedly crossed the boundary from marine fish species to freshwater cul-
tured rainbow trout. These naturally replicated cross-species transmission events per-
mit the study of general and repeatable evolutionary events occurring in connection
with viral emergence in a novel host species. The purpose of the present study was
to investigate the adaptive molecular evolution of the VHSV glycoprotein, one of the
key virus proteins involved in viral emergence, following emergence from marine
species into freshwater cultured rainbow trout. A comprehensive phylogenetic re-
construction of the complete coding region of the VHSV glycoprotein was con-
ducted, and adaptive molecular evolution was investigated using a maximum
likelihood approach to compare different codon substitution models allowing for hetero-
geneous substitution rate ratios among amino acid sites. Evidence of positive selection
was detected at six amino acid sites of the VHSV glycoprotein, within the signal pep-
tide, the confirmation-dependent major neutralizing epitope, and the intracellular
tail. Evidence of positive selection was found exclusively in rainbow trout-adapted
virus isolates, and amino acid combinations found at the six sites under positive se-
lection pressure differentiated rainbow trout- from non-rainbow trout-adapted iso-
lates. Furthermore, four adaptive sites revealed signs of recurring identical changes
across phylogenetic groups of rainbow trout-adapted isolates, suggesting that re-
peated VHSV emergence in freshwater cultured rainbow trout was established
through convergent routes of evolution that are associated with immune escape.
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genetic variation that provides the potential for rapid adaptation to environmental
changes or new host species (4-6). Despite this, only a fraction of RNA viruses are able
to emerge successfully in new host species. Even though viruses occasionally cross
species barriers, they often fail to adapt to the new host and to establish a sustained
transmission network (4-6).

In contrast, viral hemorrhagic septicemia virus (VHSV) has repeatedly crossed species
barriers, adapted to new host species, and established sustained within-species trans-
mission networks. VHSV thus represents a rare opportunity to investigate repeated viral
emergence under natural conditions.

VHSV is a single-stranded RNA virus of negative polarity that belongs to the genus
Novirhabdovirus within the family Rhabdoviridae (7, 8). It was initially isolated from
freshwater cultured rainbow trout (Oncorhynchus mykiss) (9). Since then, it has been
isolated from more than 80 marine and freshwater fish species (10), with conclusive
evidence of susceptibility obtained for at least 44 of these species (10-13). Furthermore,
it is assumed to be endemic among a wide range of marine and anadromous fish
species in the Northern Hemisphere (10).

Phylogenetic studies have revealed four VHSV genotypes (I, II, lll, and 1V) (14-17),
eight sublineages (la, Ib, Ic, Id, le, IVa, IVb, and IVc) (14, 18-20), and two clades (la-1 and
la-2) (21). This classification of genotypes, sublineages, and clades is used henceforth.

In general, isolates adapted to cultured rainbow trout group into separate phylo-
genetic clusters, whereas isolates adapted to marine host species do not form host-
specific clusters. Rainbow trout-adapted isolates generally belong to sublineages of
genotype | (except Ib), whereas isolates adapted to marine host species are represented
in all four genotypes. Within genotype |, rainbow trout-adapted isolates belong to
sublineages la, Ic, and Id, whereas marine host-adapted isolates belong mainly to
sublineages Ib and le.

Moreover, phylogenetic analyses have demonstrated that rainbow trout-adapted
isolates have a marine ancestry, indicating that VHSV has successfully emerged from
the multispecies marine reservoir into stocks of cultured rainbow trout (22). Recent
transmission events reported for rainbow trout reared in marine and brackish
waters in Finland (23, 24), Norway (25), and Sweden (26, 27) indicate that VHSV
emergence from the marine environment into cultured rainbow trout might occur
occasionally (22).

Mechanisms directly involved in VHSV emergence in cultured rainbow trout have
not been identified. However, many viral and environmental factors have been pro-
posed to facilitate and enhance VHSV emergence (22). In addition to the rearing
conditions and close environmental contact described by Kurath and Winton (22), a
broad marine multihost reservoir may provide the potential to establish and maintain
a large and continuously changing spectrum of genetic variation that might facilitate
VHSV emergence.

One key component of VHSV cross-species transmission and successful emergence
is the viral glycoprotein (G protein), which is responsible for host receptor attachment
and cell entry. It represents the only viral protein exposed on the viral surface and has
been demonstrated to be targeted directly by the host immune system (28-31). The G
protein is thus involved in at least three of the crucial steps of viral emergence.

Viral emergence in a new host species represents an environmental change that is
likely to exert novel selective pressures on the virus. Hence, emergence is followed by
genetic changes promoting adaptation to the new pressures. Such changes are often
traceable in the genome by investigating the substitution rate ratio, w (o = dN/dS) (32).
The normalized rate of nonsynonymous substitutions (dN) exceeds the rate of synon-
ymous substitutions (dS) only in regions where certain alterations of amino acids offer
selective advantages and thus become fixed at rates higher than those of (presumably
mostly neutral) synonymous changes (33). The substitution rate ratio (w = dN/dS) thus
provides an indication of selection pressures at the protein level, with w values of 1, <1,
and >1 indicating the presence of neutral evolution and purifying and positive
selection pressures, respectively.
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FIG 1 Maximum likelihood phylogeny showing the relationships of 198 unique full-length VHSV G gene sequences, illustrated by a radial unrooted tree (A) and
a rooted phylogram (B). Phylogenies were reconstructed using the GTR+G+1 substitution model with 1,000 bootstrap replicates and were rooted using
snakehead rhabdovirus (SRHR) (GenBank accession no. AF147498) as a genetically distinct outgroup. Branch lengths in panel A and horizontal branch lengths
in panel B reflect genetic distances, and the associated scale bars refer to the expected number of substitutions per site. Color coding of tree tips represents
the host species (green, rainbow trout; dark blue, non-rainbow trout), and the tree tip shapes represent the host environment (circles, freshwater; triangles,
marine/brackish water). Values at nodes represent percent support from bootstrap replicates, with a bootstrap cutoff of 75%. The color and font type of
bootstrap values indicate genotype branching events (black and bold), sublineage branching events (colored and bold), and clade branching events (colored
and italic). Vertical bars to the right of the tree indicate isolate associations with genotypes I, IlI, II, and IV (top to bottom; black labels in bold), sublineages la,
If, Ib, Id, Ic, le, IVb, and IVa (top to bottom; colored labels in bold), and clades la-1, la-3, la-4, and la-2 (top to bottom; colored labels in italics).

The purposes of the present study were (i) to test for adaptive molecular evolution
associated with VHSV emergence in freshwater cultured rainbow trout, (ii) to investi-
gate whether particular amino acid sites undergo positive selection, and (jii) to explore
whether VHSV emergence in freshwater cultured rainbow trout follows a repeatable
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TABLE 1 Description of defined sub-data sets based on the phylogenetic reconstruction conducted in this study

Sample Bootstrap
Data set® size value (%) Host species® Geographic origin(s)¢
Genotypes
| 160 94 M, FW (mainly RT) Europe (see sublineages and clades)
I} 13 99 M Europe (Baltic Sea)
m 9 100 M Europe (Atlantic Sea, Skagerrak, and Kattegat)
v 16 98 M, FW (no RT) North America and Asia
Sublineages
la 124 86 Freshwater cultured RT, 1 T, 1 G Europe (see clades)
b 18 95 M Baltic Sea, Skagerrak, Kattegat, North Sea, English Channel
Ic 7 100 Freshwater cultured RT (prior to 1997) AT (1), DE (3), DK (3)
Id 3 78 Marine cultured RT Gulf of Finland
le 1 RT GE (1)
Ifd 5 99 Freshwater cultured RT DE (3), FR (2)
IVa 14 100 M CA (5), JP (3), KR (3), US (3)
IVb 2 100 FW (no RT) Great Lakes
Clades
la-1 49 89 Freshwater cultured RT, 1 T, 1 G DK (40), DE (8), UK (1)
la-2 64 80 Freshwater cultured RT AT (5), CH (1), DE (51), DK (5), FR (1), SI (1)
la-3¢ 5 99 Freshwater cultured RT DE (2), DK (3)
la-4¢ 5 99 Freshwater cultured RT DE (1), DK (4)

aSub-data sets in bold were subjected to molecular evolutionary analysis with CODEML. The remaining sub-data sets violated requirements for evolutionary analysis
(bootstrap support of at least 75%, sample size of at least 7 isolates, no phylogenetic subdivision containing marine- and rainbow trout-adapted phylogenetic
subgroups). Deviations in sample size within genotype | were caused by two isolates that were affiliated with genotype | but did not cluster into any of the
sublineages or clades and one isolate that was affiliated with sublineage la but did not cluster into any clade.

bM, marine species; FW, freshwater species; RT, rainbow trout; T, turbot; G, grayling.

<Geographic origins of rainbow trout-adapted isolates are specified to the country level, and numbers in parentheses indicate the numbers of isolates originating from
the corresponding countries. AT, Austria; CA, Canada; CH, Switzerland; DE, Germany; DK, Denmark; Fl, Finland; FR, France; GE, Georgia; IE, Ireland; JP, Japan; KR, South
Korea; NO, Norway; SE, Sweden; SI, Slovenia; UK, United Kingdom; US, United States.

9Novel phylogenetic sublineage identified in this study.

eNovel phylogenetic clade identified in this study.

pattern. Evidence for positive selection during the process of adaptation to freshwater
cultured rainbow trout was detected, and several amino acid sites potentially involved
in rainbow trout adaptation were identified by a maximum likelihood analysis using
codon substitution models that allow for heterogeneous substitution rate ratios among
amino acid sites. Among those sites, distinct amino acid combinations were identified,
and they appeared to be related to the host origin.

RESULTS

Phylogeny. A maximum likelihood phylogeny based on the complete coding
region of the VHSV G protein was constructed to assess the genetic relationships of 198
unique VHSV G gene sequences. The majority of VHSV isolates clustered into previously
defined genotypes, sublineages, and clades, with bootstrap support levels exceeding
75% (genotype |, 94%; genotype I, 99%; genotype Ill, 100%; genotype IV, 98%;
sublineage la, 86%; sublineage Ib, 95%; sublineage Ic, 100%; sublineage Id, 78%;
sublineage Vla, 100%; sublineage IVb, 100%; clade la-1, 89%; and clade la-2, 80%)
(Fig. 1; Table 1).

In addition, a potential new sublineage within genotype | was identified and
denoted If, while two potential new clades within sublineage la were identified and
denoted la-3 and la-4. The new sublineage, If, had a bootstrap support level of 71%. It
contained five isolates recovered from freshwater cultured rainbow trout, three of
German and two of French origin. Clades la-3 and la-4 each had a bootstrap support
level of 99%. Both clades contained European isolates of Danish or German origin from
freshwater cultured rainbow trout. Detailed information on isolates can be found in
Table 1 and in Table SAT in the supplemental material.

Apart from one isolate (FA280208-VG; originating from marine cultured rainbow
trout), isolates from rainbow trout belonged exclusively to genotype I, where they
clustered in sublineages la, Ib, Ic, Id, le, and If. Sublineages la, Ic, and If represented
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TABLE 2 LRT statistics used to detect presence of positive selection pressure?

M1 vs M2 M7 vs M8

Data set? Environment LRT P value LRT P value
Genotypes

| M, FW, wildlife, cultured NA NA NA NA

Il M, wildlife 0.000 NS —0.001 NS

1] M, wildlife 1.578 NS 1.586 NS

[\ M, FW, wildlife, cultured 0.762 NS 1.083 NS
Sublineages

la FW, cultured RT 68.156 <0.0001 68.957 <0.0001

b M, wildlife, cultured 1.599 NS 1.842 NS

Ic FW, cultured RT 12.089 0.0024 12.282 0.0022

Id M, cultured RT NA NA NA NA

le M, wildlife NA NA NA NA

If FW, cultured RT NA NA NA NA

IVa M, wildlife, cultured 1.102 NS 1.107 NS

IVb FW, wildlife, cultured NA NA NA NA
Clades

la-1 FW, cultured RT 31.102 <0.0001 33.722 <0.0001

la-2 FW, cultured RT 21.049 <0.0001 26.423 <0.0001

la-3 FW, cultured RT NA NA NA NA

la-4 FW, cultured RT NA NA NA NA

9LRTs were conducted for nested discrete models (M1 and M2) as well as nested continuous models (M7
and M8), comparing twice the log-likelihood difference to a y2 distribution (df = 2). Significant LRT results
demonstrate evidence of positive selection pressure. M, marine or brackish water; FW, freshwater; RT,
rainbow trout; NS, not significant; NA not analyzed.

PData sets in bold were subjected to molecular evolutionary analysis with CODEML.

isolates recovered from freshwater cultured rainbow trout. Sublineage Id represented
isolates recovered from rainbow trout cultured in brackish water in the Gulf of Finland
(24). Sublineage Ib contained two isolates recovered from sea-reared rainbow trout. The
majority of Ib isolates included in this study, however, were recovered from marine host
species. Sublineage le contained an isolate recovered from freshwater cultured rainbow
trout in Georgia (GE-1.2; included in this study) after marine water had flooded the
farm, while the majority of le isolates (not included in this study) were recovered from
marine host species in the Black Sea (34). In contrast, isolates originating from marine
host species were found across all four major genotypes.

The phylogenetic reconstruction confirmed a marine ancestry of rainbow trout-
adapted isolates. However, it neither rejected nor confirmed the previous hypothesis
about repeatedly occurring independent instances of VHSV emergence in cultured
rainbow trout due to low bootstrap support of inner branching orders within genotype
I. Despite this, the phylogenetic reconstruction suggested the occurrence of several
cross-species transmission events from marine species to freshwater cultured rainbow
trout (formation of sublineages la, Ic, and If) and from marine species to marine cultured
rainbow trout (formation of sublineage Id and rainbow trout-adapted isolates in
sublineages Ib and le and in genotype Ill) (Fig. 1).

Molecular evolutionary analysis. (i) Detection of adaptive evolution. The pres-
ence of adaptive evolution in the VHSV G protein was investigated in separate parts of
the phylogeny using CODEML, a maximum likelihood-based program implemented in
the software package PAML 4.6 that applies different codon substitution models,
allowing for heterogeneous substitution rate ratios among amino acid sites to deter-
mine site-specific selection pressures. The average w value (averaged across all amino
acid sites of the G protein) observed within each investigated data set did not exceed
0.36, indicating a predominance of purifying selection acting upon the G protein (Table
SA3). Nevertheless, likelihood ratio tests conducted to compare codon substitution
models (M1 versus M2 as well as M7 versus M8) demonstrated the presence of local
positive selection in some data sets (sublineage-specific data sets la and Ic and
clade-specific data sets la-1 and la-2) (Table 2). Evidence of positive selection was
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TABLE 3 Amino acid sites detected under positive selection pressure in VHSV with associated posterior probability estimates and
potential functional relevance®

Probability of positive selection®

Amino acid la la-1 la-2 Ic Location

6° 0.990 Signal peptide

8¢ 0.790 Signal peptide

212 1.000 0.997 0.982 Proximity of Cys215

214 0.907 Proximity of Cys215

229 0.823 UNK

258 1.000 1.000 0.999 Conformation-dependent neutralizing epitope, proximity of Cys256
259 1.000 0.966 0.993 Conformation-dependent neutralizing epitope

284 0.838 Conformation-dependent neutralizing epitope, proximity of Cys285
290 0.869 UNK

476 0.810 UNK

486 0.850 Proximity of membrane, extracellular side

492 0.911 UNK

505 0.979 0.887 Proximity of membrane, intracellular side

506 0.904 0.768 0.973 Proximity of membrane, intracellular side

2Amino acid sites under positive selection pressure were detected by employing substitution model M8. UNK, unknown.
bValues in bold indicate posterior probabilities above 95%; missing values indicate posterior probabilities below 70%.
cAmino acid belonging to the signal peptide, which is removed at the endoplasmic reticulum (ER) during protein synthesis.

detected in all investigated data sets representing isolates recovered from freshwater
cultured rainbow trout. In contrast, data sets representing isolates recovered from host
species other than rainbow trout (mainly of marine origin) did not show any evidence
of positive selection (genotype-specific data sets I, lll, and IV and sublineage-specific
data sets Ib and IVa). This was further supported by results established with BUSTED,
where evidence of positive selection was detected only when isolates recovered from
freshwater cultured rainbow trout were selected as a foreground branch (sublineage Ic
versus the rest, clade la-2 versus the rest, and rainbow trout versus non-rainbow trout
isolates) (Table SA4).

(ii) Detection of amino acid sites under adaptive evolution. To identify amino
acid sites under positive selection pressure per site, posterior probabilities were esti-
mated using the Bayes empirical Bayes approach implemented in CODEML. Six amino
acid sites were found to be under positive selection pressure, including amino acid 6
(aab), aa212, aa258, aa259, aa505, and aa506. These amino acid sites were located
within the N-terminal signal peptide of the G protein (aa6); the central region of the G
protein (aa212, aa258, and aa259), corresponding to the region hosting the major
neutralizing epitope (28); and the C-terminal and intracellular region of the G protein
(aa505 and aa506). Of those, amino acid sites aa212, aa258, aa505, and aa506 were also
detected using the FUBAR algorithm with a posterior probability threshold of 0.95
(Table SAS5).

Three of the six adaptive amino acid sites (aa212, aa258, and aa259) were detected
across phylogenetic groups. All three sites were shared between sublineage la, clade
la-1, and clade la-2. The three remaining adaptive amino acid sites (aa6, aa505, and
aa506) were data set specific, with aa6 detected in sublineage-specific data set Ic, aa505
detected in sublineage-specific data set la, and aa506 detected in clade-specific data set
la-2 (Table 3). Relaxing the posterior probability threshold for adaptive amino acid sites
from 0.95 to 0.7 increased the number of shared adaptive amino acid sites for data sets
la, la-1, and la-2, with aa212, aa258, aa259, and aa506 found to be under positive
selection in all three data sets and aa505 found to be under positive selection in data
sets la and la-2. However, adaptive amino acids detected in data set Ic still remained
data set specific (Table 3).

(iii) Haplotypes at amino acid sites under positive selection. For each phyloge-
netic group, the genetic variation at the six adaptive amino acid sites was recorded
(Table 4; Table SA1), the amino acid combinations across those sites were identified,
and the distributions of the positive selection site-restricted haplotypes were compared
across phylogenetic groups. In total, 46 unique haplotypes were identified and were
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TABLE 4 Amino acid combinations observed for amino acid sites under positive selection
pressure (positive selection site-restricted haplotypes)?

Adaptive amino acid sites” hund.
aab aa212 aa258 aa259 aa505 aa506

Dataset Host Haplotype

Genotype

1 RT H26 Phe 1
H39 Phe 1
See sublineages and clades for remaining isolates

I M H38° Phe 13
H36° Phe 7

Ul M,RT"  m37 Phe 1
H40 Phe 1

v M, FW__ See sublineages

Ta RT — H27 Phe | Lys | Thr | Gu | G The . |
See clades for remaining isolates

b M,RT"  (C38° Phe 16
H35 Phe 2

Ie RT H37 Phe 4
H42 Leu 2
H45 Pro 1

Id RT" H39 Phe 1
H43 Leu 1
H41 Phe 1

Te RT H36° Phe 1

If RT H37 Phe 4
H46 1

IVa M H34 11
H33 3

IVb FW h32 2

Clade

la-1 RT, FW*, H10 Phe 18

M H19 Phe 11

H28! Phe 5
H23 Phe 4
H6 Phe 2
H31 Phe 2
H24 Phe 2
H2 Phe 1
H11 Phe 1
H15 Phe 1
H29 Phe 1
h9 Phe 1

Ta-2 RT H17 Phe 18
H13 Phe 8
H26 Phe 6
H5 Phe 5
H18 Phe 4
H14 Phe 3
H1 Phe 2
H21 Phe 2
H44 Pro 2
H25 Phe 2
H22 Phe 2
H27 Phe 2
H20 Phe 1
H16 Phe 1
H4 Phe 1
H12 Phe 1
Hé6 Phe 1
H30 Phe 1
H3 Phe 1
H24 Phe 1

Ia-3 RT HS8 Phe 4
H7 Phe 1

Ta-4 RT H27 Phe 5

“Haplotypes marked in bold are specific to rainbow trout-adapted isolates (n = 36). Haplotypes in italics are
specific to non-rainbow trout-adapted isolates of marine origin (n = 4). Haplotypes in italics and indicated
by a lowercase “h” are specific to non-rainbow trout-adapted isolates of freshwater origin (n = 2). Observed
haplotypes and haplotype abundance are indicated for each phylogenetic group separately. Abbreviations:
RT, rainbow trout; M, marine and brackish water species; FW, freshwater species other than rainbow trout. *,
sea-reared rainbow trout.

bAmino acids are color coded according to chemical characteristics, as follows: light gray, neutral, nonpolar
amino acids; dark gray, neutral, polar amino acids; orange, acidic amino acids; and blue, basic amino acids.
Amino acid abbreviations are as follows: Asn, asparagine; Leu, leucine; Pro, proline; Asp, aspartate; Glu,
glutamate; GIn, glutamine; Lys, lysine; Thr, threonine; Ala, alanine; Val, valine; Ser, serine; Phe, phenylalanine;
Gly, glycine; and Met, methionine.

“Haplotypes detected in non-rainbow trout- and rainbow trout-adapted isolates, with an overrepresentation
in non-rainbow trout-adapted isolates and rainbow trout-adapted isolates representing an exception.

dHaplotypes shared by non-rainbow trout- and rainbow trout-adapted isolates, with an overrepresentation in
rainbow trout-adapted isolates and non-rainbow trout-adapted isolates representing an exception.

€Only a single isolate, representing an exception for this phylogenetic group.
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denoted H1 to H46. Only nine haplotypes were detected among the 55/198 G gene
sequences representing VHSV isolates from species other than rainbow trout and
collected worldwide, whereas 41 haplotypes were found among the remaining 143 G
gene sequences representing rainbow trout-adapted VHSV isolates that were collected
across Europe. Only four haplotypes (H28, H36, H37, and H38) were detected both
among isolates from rainbow trout and among non-rainbow trout isolates. Haplotype
H38 was found both in isolates SE-SVA-1033 and SE-SVA14, from sea-reared rainbow
trout belonging to sublineage Ib, and in 27 isolates collected from marine species from
the same geographic area. Haplotype H37 of isolate FR-L59X, from wild European eel
(Anguilla anguilla) collected in brackish water (35), was also found in sublineages Ic and
If, representing isolates from freshwater cultured rainbow trout from the same sam-
pling period. Haplotype H36 of the GE-1.2 isolate, recovered from a rainbow trout farm
flooded by marine water from the Black Sea, was furthermore found among marine
genotype lll isolates. Finally, haplotype H28 of four older rainbow trout isolates be-
longing to clade la-1 was also found in the turbot isolate Dsteinbutt, phylogenetically
grouped into the same clade. The remaining 42 haplotypes were specific to either
rainbow trout- or non-rainbow trout-adapted isolates. Four haplotypes (H33, H34, H35,
and H40) were specific to VHSV isolates adapted to marine host species other than
rainbow trout, two haplotypes (H9 and H32) were specific to VHSV isolates from
freshwater host species other than rainbow trout, and 36 haplotypes were specific to
rainbow trout-adapted isolates (33 for freshwater rainbow trout, 2 for marine rainbow
trout, and 1 for marine and freshwater rainbow trout).

(iv) Patterns of adaptive evolution at amino acid sites under positive selection.
Substitution patterns detected at amino acid sites under positive selection revealed
parallel evolution toward the maintenance of genetic variation or toward the same
amino acid (convergent evolution). Evolution toward the maintenance of genetic
variation was detected at amino acid sites aa212, aa258, and aa259 in sublineage la,
especially within clades la-1 and la-2, indicating that genetic variation within the
neutralizing epitope gives an evolutionary advantage in the majority of rainbow
trout-adapted isolates. In contrast, rainbow trout-adapted isolates belonging to
sublineages Ic, Id, le, and If were almost genetically fixed at aa212, aa258, and
aa259, with amino acids resembling those found in marine isolates (Table 5).

Moreover, substitution patterns observed for aa212, aa258, and 259 in clades la-1
and la-2 were not random but were limited to a specific set of polymorphic changes of
identical or similar amino acids across phylogenetic groups (Table 5). Amino acids
observed at those sites differed in chemical characteristics from amino acids observed
at corresponding amino acid sites in marine isolates. Amino acid sites aa212 and aa258
of marine isolates were characterized by neutral-polar (threonine and glutamine) or
neutral-nonpolar (alanine and valine) amino acids. In contrast, in the majority of
rainbow trout-adapted isolates (sublineage la), aa212 showed an overrepresentation of
basic (lysine) or acidic (asparagine and glutamic acid) amino acids, especially within
clades la-1 and la-2, and aa258 was mainly characterized by basic (lysine), acidic
(glutamic acid), and neutral (glycine, alanine, and threonine) amino acids (Table 5). The
same but less-pronounced patterns were observed for aa259. At this site, however,
acidic amino acids were present in marine isolates, and only the basic and neutral
amino acids were specific to rainbow trout-adapted isolates.

Strictly convergent evolution was detected at amino acid site aa506, represent-
ing an amino acid change from methionine in marine isolates toward threonine in
rainbow trout-adapted isolates. Threonine at aa506 was specific to rainbow trout-
adapted isolates and represented the major amino acid variant in rainbow trout-
adapted isolates (for threonine, n for rainbow trout [ng;]= 80 isolates; for methio-
nine, ngr = 63 isolates) (Table 5). Furthermore, the amino acid change from
methionine to threonine was not restricted to isolates adapted to freshwater
cultured rainbow trout but was furthermore observed in isolates adapted to marine
cultured rainbow trout.
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TABLE 5 Results for individually analyzed data sets and observed amino acid
substitutions at amino acid sites identified to undergo positive selection pressure®

No. Adaptive amino acid sites”

Dataset Host
Isolates aab aa2l2 aa258 aa259 aa505 aa506

Genotype
I RT 2 Phe (2) Lys(l) Thr(2) Asp(l) GIn(2) Thr(2)
Thr (1) Glu (1)
See sublineages and clades for remaining isolates
I M 13 Phe (13) ' Thr (13) Thr (13) Glu(13) Gin(13) Met (13)
I M, RT 9 Phe (9) | Thr(9) Thr(9) Asp(8) GIn(9) Met(7)
Glu (1) Thr (1)
Val (1)
v See sublineages
Sublineage
Ia RT 1 Phe (1)  Lys(l) Thr(l) Glu(l) GIn(l) Thr(l)
See clades for remaining isolates
Ib M, RT" 18 Phe (18) [ Thr (18) Thr (16) Glu (18) Gln (18) Met (18)
Ala (2)
Ic RT 7 Phe (4) | Thr(7) Thr(7) Asp(7) GIn(7) Thr(7)
Leu (2)
Pro (1)
Id RT 3 Phe(2) | Thr(3) Thr(2) Glu(3) GIn(3) Thr(3)
Leu (1) Val (1)
Ie RT 1 Phe (1) | Thr(l) Thr(l) Asp(l) GIn(l) Met(l)
If RT 5 Phe (4)  Thr(4) Thr(5) Asp(5) GIn(5) Thr(5)
Ser(l) Ala(l)
IVa M 14 Phe (14) | GIn (14) Thr (14) Glu(11) Gin(14) Met (14)
Asp (3)
IVb FW 2 Phe (2) [ GIn(2)  Ala(2) Glu(2) Pro(2) Met(2)
Clades
Ia-1 RT 49 Phe (49) Lys (40) Glu (23) Asp (47) Gln (48) Met (36)
Asn (8) | Gly(11) Lys(1) Leu(l) | Thr(13)
Glu(l) Lys(8) Asn(l)
Ala (7)
la-2 RT 64 Phe (62) Lys(52) Gly(29) Ala(24) [ Gln(63) Thr (42)
Pro(2) Glu(11) Thr(16) Asp(19) Leu(l) Met(22)
Asn (1) Glu(12) Glu(16)
Ala(3) Lys(3)
Lys (3) Thr(2)
Ser (1)
la-3 RT 5 Phe(5)  Lys(5) Ala(5) Glu(5) GIn(4) Thr(5)
Leu (1)
la-4 RT 5 Phe(5) Lys(5) Thr(5) Glu(5) GIn(5) Thr(5)

Amino acids are color coded according to chemical characteristics, as follows: light gray, neutral, nonpolar
amino acids; dark gray, neutral, polar amino acids; orange, acidic amino acids; and blue, basic amino acids.
Amino acids are furthermore ranked according to abundance, starting with the most prevalent amino acid.
Numbers in parentheses indicate abundances. Amino acid abbreviations are as follows: Asn, asparagine;
Leu, leucine; Pro, proline; Asp, aspartate; Glu, glutamate; GIn, glutamine; Lys, lysine; Thr, threonine; Ala,
alanine; Val, valine; Ser, serine; Phe, phenylalanine; Gly, glycine; and Met, methionine.

bAbbreviations: RT, rainbow trout; M, marine and brackish water species; FW, freshwater species other than
rainbow trout. ¥, sea-reared rainbow trout.

Structural analysis. Structural prediction of VHSV G proteins of 3 isolates was
performed using the G protein of vesicular stomatitis virus (VSV) as a reference. The G
gene sequence identity for VHSV and VSV was 20.5% for DK-3592b (sublineage la
isolate of rainbow trout origin), 19.8% for DK-5e59 (sublineage Ib isolate of marine
origin), and 21.3% for BC93372 (sublineage IVa isolate of marine origin). Predictions
based on template and alignment information alone obtained GA341 scores below the
recommended threshold of 0.6 (36). Protein structure predictions, including informa-
tion on previously identified disulfide bond locations (Cys49—Cys359, Cys64—Cys315,
Cys110—Cys152, Cys192—Cys197, Cys215—Cys285, and Cys251—Cys256) (37) in ad-
dition to template and alignment information, in contrast, achieved high reliability
scores, exceeding 0.8 (for DK-3592b, 0.82; for DK-5e59, 0.98; and for BC93372, 0.99), and
thus facilitated the investigation of amino acid sites under positive selection in a
structural context.
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FIG 2 Predicted three-dimensional (3D) protein structure of the extracellular region (aa21 to aa462) of the VHSV G protein (accession no. KC778774) from the
rainbow trout-adapted freshwater isolate DK-3592b, a representative of sublineage la. The predicted protein structure was used to visualize the location (A),
surface exposure (B), and disulfide bond proximity (C) of amino acid sites under positive selection pressure. Residues colored red (bold position numbers) and
yellow (position numbers not in bold) represent sites under positive selection pressure, with probabilities exceeding 95% and 70%, respectively. The coordinate
axes in the lower left corner of each protein presentation indicate the protein orientation. (A) NewCartoon representation of the predicted protein structure,
providing a simplified representation of the protein based on secondary structure. Alpha-helices are drawn as coiled ribbons, beta-sheets as solid arrows, and
all other structures as tubes. Amino acid sites under positive selection pressure are visualized for each corresponding phylogenetic group detected under
adaptive evolution pressure. (B) QuickSurface representation providing a spatial representation of the predicted protein structure. Residues 212 to 284,
corresponding to the region hosting the major neutralizing epitope, are shown in green. The 3D structure was rotated clockwise to visualize the surface
exposure of adaptive amino acid sites in three different orientations. (C) NewCartoon representation of the predicted protein structure (details as
described for panel A), showing locations of previously detected disulfide bonds and their proximity to adaptive amino acid sites. Disulfide bonds are
indicated by color-coded cysteine residues, which are shown in VDM representation and color coded by atomic mass (Cys position numbers are shown
in italics).

Mapping of codon sites under positive selection onto the protein structure revealed
that aa212, aa258, and aa259 are structurally located in close proximity to each other
(Fig. 2A and B). Furthermore, all residues at codon sites experiencing positive selection
were located on the protein surface, and all extracellular sites under positive selection
pressure were located in the pleckstrin homology domain that holds the major neu-
tralizing epitope (Fig. 2B and 3B and C) (38).

Visual comparison of the three predicted VHSV G protein structures suggested slight
changes in the postfusion conformation, which affects the groove structure in close
proximity to the major neutralizing epitope, and a slight bending of the fusion domain,
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N-terminus

FIG 3 Comparison of predicted 3D protein structures of the VHSV G protein across phylogenetic groups. Structural prediction of the extracellular region (aa21
to aa462) of the VHSV G protein in postfusion conformation was performed for isolate DK-3592b (la), isolate DK-5e59 (Ib), and isolate BC93372 (IVa). (A) Predicted
proteins (DK-3592b, yellow; DK-5e59, light gray; and BC93372, dark gray) are shown in NewCartoon representation, providing a simplified representation of the
postfusion protomers based on secondary structure. Alpha-helices are drawn as coiled ribbons, beta-sheets as solid arrows, and all other structures as tubes.
All predicted protein structures are shown in identical protein orientations. The coordinate axes located in the lower left corner indicate the protein orientation.
Residues colored red represent sites under positive selection pressure, with a probability exceeding 95%. Residues colored blue represent the conformation-
dependent major neutralizing epitope (MNE) (aa212 to aa284). The N terminus of the predicted protein structure is colored cyan blue (aa21). The last residue
of the extracellular region of the VHSV G protein structure (aa462) is colored magenta, indicating the location of the adjacent transmembrane region (TM), which
was removed from the prediction. (B) QuickSurface representation of the predicted protein structures (DK-3592b, yellow; DK-5e59, light gray; and BC93372, dark
gray), providing a spatial representation of the protein. Color coding of residues is as described for panel A. For ease in structural comparisons, structure
trajectories of distinctive protein grooves detected in DK-3592b were traced by use of bold lines (red and blue) and subsequently transposed onto the other
two protein predictions. (C) Predicted protein structure of DK-3592b, showing the following putative protein domains previously identified for the VSV G
protein: DI, beta-sheet-rich lateral domain (red); DII, central domain involved in trimerization of G protomers (blue); DIlI, pleckstrin homology domain holding
the conformation-dependent major neutralizing epitope (orange); and DIV, fusion domain (yellow).

especially in the sublineage IVa isolate (Fig. 3). In addition, the surface exposure of the
sites under positive selection in the major neutralizing epitope differed slightly be-
tween isolates (Fig. 3).

DISCUSSION
Repeated emergence of VHSV from marine host species into freshwater cultured
rainbow trout is accompanied by bursts of adaptive evolution in the G protein. Positive
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selection occurs in phylogenetic groups containing isolates adapted to freshwater
cultured rainbow trout, whereas phylogenetic groups containing isolates adapted to
marine host species do not show evidence of positive selection. Furthermore, we
detected indications of parallel evolution across phylogenetic groups of rainbow
trout-adapted isolates, suggesting VHSV adaptation to cultured rainbow trout through
convergent routes of evolution.

Detection of adaptive evolution. Evidence of adaptive evolution in the VHSV G
protein was demonstrated through the detection of amino acid sites under positive
selection pressure in separate parts of the phylogeny. The detection of amino acid sites
under positive selection pressure was restricted to data sets representing phylogenetic
groups of isolates originating from freshwater cultured rainbow trout. This indicates
that emergence of VHSV in freshwater cultured rainbow trout is accompanied by a
burst of adaptive evolution in the G protein following cross-species transmission.
Adaptive evolution in external proteins of mammalian RNA viruses has been reported
repeatedly, including for rabies virus (39-41), VSV (42-44), foot-and-mouth disease virus
(45), influenza A virus (46, 47), dengue virus (48), and infectious hematopoietic necrosis
virus (IHNV) (49). Those studies revealed that only a small percentage of amino acid
sites showed evidence of positive selection pressure, whereas the most prevalent
evolutionary force was purifying selection. This is in general agreement with the results
obtained in this study. Evidence of positive selection pressure was detected at only 6
of 507 amino acid sites investigated across the VHSV G protein. The average o value for
the G protein observed within each individually investigated phylogenetic group did
not exceed 0.36, indicating an action of purifying selection, which reflects a high level
of structural constraints to maintain protein function. Residues undergoing positive
selection were not detected among marine isolates. Whether this reflects a sampling
bias of fewer marine isolates per host species than the value for included rainbow trout
isolates or differences in substitution and replication rates in the different environments
(14) that might reduce the power of detecting selection footprints needs further
investigation. However, we speculate that VHSV isolates might have developed differ-
ent adaptation strategies, i.e., a specialized strategy for high-density monocultured host
species and a more general strategy that can infect multiple, less-dense host species in
nature.

Sites detected under adaptive evolution. Three of the six amino acid sites
detected under positive selection pressure (aa212, aa258, and aa259) were located
in the midregion of the G protein, within the conformation-dependent major
neutralizing epitope, ranging from aa212 to aa288 (28). Positive selection within the
conformation-dependent major neutralizing epitope was further supported by
complementary detection approaches. In agreement with previous findings, the ma-
jority of adaptive amino acid sites detected in the G protein of IHNV, a novirhabdovirus
closely related to VHSV, were located within the conformation-dependent neutralizing
epitope (49-51). Furthermore, Huang and coworkers (50) demonstrated that changes in
the midregion of the IHNV G protein enabled mutants to escape from neutralizing
monoclonal antibodies.

Amino acid sites aa212, aa258, and aa259, moreover, were located in close proximity
to two of the six disulfide bonds detected in the VHSV G protein (37), namely,
Cys215—Cys285 and Cys251—Cys256 (Fig. 2C). Both disulfide bonds are involved in
the structural conformation of the neutralizing epitope. The Cys215—Cys285 disulfide
bond spans the neutralizing epitope, whereas the Cys251—Cys256 bond forms a
loop-like structure within the neutralizing epitope. It was previously demonstrated
that the Cys215—Cys285 bond is essential for correct folding of the conformation-
dependent neutralizing epitope of the VHSV G protein (37). Amino acid changes in
close proximity to either of the two disulfide bonds thus might affect bonding
properties and potentially cause conformational changes of the neutralizing epitope.
However, further research is needed to determine whether changes at positively
selected amino acid sites aa212, aa258, and aa259 enable VHSV to either directly escape
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neutralizing antibodies or provide the mutants with a selective advantage by facilitat-
ing escape from other host immune responses.

In addition, evidence of positive selection was detected in the N-terminal region of
the G protein, within the signal peptide (aa6), as well as in the C-terminal region,
located on the intracellular side of the cell membrane (aa505 and aa506). Adaptive
changes within the signal peptide might indicate differences in the host cell environ-
ment, as the viruses may require continuous adjustment of intrinsic signals that govern
movement within the cell. However, positive selection at aa6 (within the signal peptide)
was not confirmed by complementary detection approaches, and the actual biological
impact is beyond the scope of this study and needs further investigation. In contrast,
adaptive changes in the C-terminal region were confirmed by complementary detec-
tion approaches. These changes might indicate responses to species-specific differ-
ences in the host membrane. Alternatively, adaptive changes in the C-terminal region,
located on the intracellular side of the cell membrane, might be a response to adaptive
changes in the matrix (M) protein of VHSV. Efficient budding of VHSV particles is the
result of a concerted action of both the M protein and cell membrane-associated G
proteins (7, 52, 53), where M proteins mediate the transport of ribonucleocapsid
molecules to the host cell membrane and subsequently initiate viral assembly and
budding of new VHSV virions through interaction with the cytoplasmic tails of the
membrane-bound G proteins (7, 53). Hence, adaptive changes observed at aa505 and
aa506 might indicate coevolution with the M protein, representing selection pressures
acting upon viral assembly and cell budding.

Convergent routes of VHSV evolution. Four adaptive amino acid sites identified
in this study (aa212, aa258, aa259, and aa506) revealed indications of convergent
evolution following VHSV emergence in freshwater cultured rainbow trout. These
findings are in general agreement with studies of foot-and-mouth disease virus (45),
VSV (42-44), and bacteriophages (54) that demonstrated viral adaptation through
highly convergent routes of evolution. Convergent evolution may furthermore be
promoted by the small genome size and the strong functional constraints of RNA virus
proteins. However, convergent evolution has been demonstrated mainly under labo-
ratory conditions representing a highly homogenous environment. Adaptive evolution
investigated under natural conditions, in rabies virus (41), influenza A virus (55, 56), and
IHNV (49), in contrast, revealed that viral adaptation was established through alterna-
tive routes of evolution. Nonetheless, this study demonstrates the recurrence of
identical changes in connection with independent instances of viral emergence in
the same host species (i.e., the existence of convergent viral evolution) under
natural conditions.

The strongest incidence of convergent evolution across phylogenetic groups was
detected for amino acid site aa506. Convergent evolution at aa506 was characterized
by a recurrent change from methionine to threonine. Although significant evidence of
positive selection pressure at aa506 was detectable only for clade la-2, a comparison of
substitution patterns at aa506 across phylogenetic groups revealed that an amino acid
change toward threonine was common to all phylogenetic groups representing rain-
bow trout-adapted isolates. Isolates originating from host species other than rainbow
trout all carried methionine at aa506, whereas the majority of rainbow trout-adapted
isolates carried threonine at this position. Furthermore, the amino acid change from
methionine to threonine was not restricted to isolates adapted to freshwater cultured
rainbow trout but was also observed in isolates belonging to sublineage Id, a phylo-
genetic group representing isolates adapted to marine cultured rainbow trout. In
contrast, isolates adapted to marine cultured rainbow trout clustering into sublineage
Ib and genotype lll, phylogenetic groups mainly representing marine non-rainbow
trout-adapted isolates, carried methionine and thus resembled the group of isolates
adapted to marine host species. Assuming that marine isolates represent the ancestral
stage, adaptation to rainbow trout is likely supported by an amino acid change from
methionine to threonine at aa506. It remains to be explored whether the observed
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convergent evolution at this site might indicate membrane differences across host
species or coevolution of the M and G proteins.

Further signals of convergent evolution across phylogenetic groups were detected
at amino acid sites aa212, aa258, and aa259 for clades la-1 and la-2. Convergent
evolution at those sites was characterized by maintenance of genetic variation, indi-
cating that those sites allow for some degree of genetic variation without impairing
vital protein functions. Detection of maintained genetic variation might be the result of
relaxed selection pressure, but all three sites were identified under positive selection
pressure and did not resemble a random set of polymorphic changes but instead a
specific set of polymorphic changes containing the same amino acids across phyloge-
netic groups. Moreover, maintenance of genetic variation was not randomly located.
Structural prediction of the VHSV G protein revealed that all three sites were found
adjacent to each other in the groove structure associated with the pleckstrin homology
domain (domain DIII) that holds the major neutralizing epitope (Fig. 2B and 3B and C)
and were in close proximity to disulfide bonds involved in the structural conformation
of the neutralizing epitope (Cys215—Cys285 and Cys251—Cys256) (Fig. 2C). Visual
comparison of predicted protein structures across phylogenetic groups (la, Ib, and 1Va)
revealed minor structural differences in this specific groove region (Fig. 3A and B).
Although structural differences were minor, one must keep in mind that the protein
predictions were based on the postfusion structure of a G protein protomer. G proteins
associated with the viral membrane, however, form trimers and are in a prefusion
conformation when potentially exposed to the host immune system. In the prefusion
conformation, the beta-sheet-rich lateral domain (DI) and the central domain involved
in trimerization of G protomers (DIl) are flipped to the inside of the trimer, and the
major neutralizing epitope located within the DIl domain is exposed at the top of the
protein (38, 57). Thus, slight structural changes in the groove associated with the major
neutralizing epitope might cause important changes in the prefusion conformation,
where antibody interaction takes place.

However, signals of convergent evolution in clades la-1 and la-2 might not be
associated with independently recurring viral emergence in cultured rainbow trout but
rather with descent from a single host shift event. Nonetheless, following branching,
the evolutionary paths of the two phylogenetic groups continue to be parallel for the
three sites detected under positive selection pressure, supporting maintenance of
genetic variation as an adaptive process associated with viral emergence in cultured
rainbow trout.

Surprisingly, the two other clades of sublineage la—Ila-3 and la-4—did not show
maintenance of genetic variation. The same was true for the remaining phylogenetic
groups representing rainbow trout-adapted isolates and potentially originating from
independently recurring transmission events (Ic, Id, le, and If). Whether this resembles
a sample size bias or an intermediate state of rainbow trout adaptation cannot be
clarified here. Alternatively, the lack of positive selection pressure at aa212, aa258, and
aa259 and the absence of genetic variation in rainbow trout-representing phylogenetic
groups other than la-1 and la-2 might indicate that VHSV possesses the potential to
adapt to rainbow trout through alternative routes of evolution, as previously demon-
strated for IHNV (49). Sublineage-specific patterns of positive selection detected for
sublineage Ic might further support this hypothesis. In sublineage Ic, only one amino
acid site was shown to be under positive selection (aa6). None of the other phyloge-
netic groups representing rainbow trout-adapted isolates showed evidence of positive
selection pressure at aa6. Lowering the posterior probability threshold to 70% in-
creased the number of amino acid sites detected under positive selection pressure in
sublineage Ic, but the sites detected were still sublineage specific. The same was true
for comparable detection approaches. Hence, the existence of alternative routes of
VHSV adaptation to freshwater cultured rainbow trout cannot be excluded. However,
sublineage Ic represents a group of old isolates that were recovered prior to 1997, and
since then, no further VHSV isolates clustering into sublineage Ic have been recovered.
Hence, observed differences in positive selection patterns in sublineage Ic may repre-
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sent an earlier stage in rainbow trout adaptation that most likely has been outcom-
peted by other rainbow trout-adapted isolates or eliminated as a result of frequent
eradication (stamping-out) programs in this period.

Haplotype patterns of adaptive evolution in VHSV. Amino acid combinations
observed at amino acid sites under positive selection pressure revealed a large number
of positive selection site-restricted haplotypes. In total, 46 different haplotypes were
identified. However, only four haplotypes (H33, H34, H35, and H40) were specific to
VHSV isolates from marine host species other than rainbow trout, and two haplotypes
(H9 and H32) were specific to isolates from freshwater host species other than rainbow
trout. In contrast, 36 haplotypes were specific to rainbow trout-adapted VHSV isolates
(33 for freshwater rainbow trout, 2 for marine rainbow trout, and 1 for marine and
freshwater rainbow trout). The remaining four haplotypes (H28, H36, H37, and H38)
were found in both non-rainbow trout- and rainbow trout-adapted isolates. However,
H28 and H37 were found mainly in rainbow trout-adapted isolates, with the exception
of one isolate characterized by H28 that was recovered from a turbot, representing the
only non-rainbow trout-adapted isolate in clade la-1, and one characterized by H37 that
was recovered from eel captured in brackish water. In contrast, H36 and H38 were
found mainly in non-rainbow trout-adapted isolates, with the exception of one rainbow
trout-adapted isolate characterized by H36 that was recovered from freshwater cul-
tured rainbow trout in Georgia after marine water from the Black Sea had flooded the
farm and two rainbow trout-adapted isolates characterized by H37 that were recovered
from sea-reared rainbow trout. Accordingly, VHSV isolates included in this study could
be separated into non-rainbow trout- and rainbow trout-adapted isolates based on
haplotypes restricted to the six amino acid sites detected under positive selection
pressure.

The non-rainbow trout-adapted haplotypes were characterized by small neutral
polar and nonpolar side chains (threonine, glutamine, and alanine) at aa212 and aa258,
in combination with acidic side chains (aspartic acid and glutamic acid) at aa259 and
methionine at aa506. In contrast, sublineage la-specific haplotypes, including 31/36
rainbow trout-specific haplotypes, were characterized by an overrepresentation of large
basic and acidic side chains at either of the three central amino acid sites (aa212, aa258,
and aa259), and the majority of those included a combination of at least two amino
acids containing charged side chains (lysine, aspartic acid, glutamic acid). Moreover,
amino acids with large basic side chains (lysine) at sites under positive selection
pressure were found only for sublineage la and were overrepresented at position
aa212. These findings indicate significant steric and polarity changes in the neutralizing
epitope for rainbow trout-adapted isolates, likely reducing the recognition by neutral-
izing antibodies and nicely supporting the other findings.

Hence, a continuous response to immune-mediated selection, resulting in contin-
uous selection for protein variants with new antigenic configurations to escape existing
immunity, might present one potential strategy of VHSV emergence in densely cultured
rainbow trout, which has been demonstrated for mammalian RNA viruses (46). How-
ever, rainbow trout have a relatively short lifetime, and infection with VHSV often
results in rapid mortality, limiting continuous immune-mediated selection. Nonetheless,
recurrent infection in rainbow trout can occur (N. Lorenzen, personal communication)
and thus may support immune-mediated selection, or at least maintenance of genetic
variation in the population to facilitate antigenic changes. Adaptation to within-host
species variation would be impossible in a multi-host-species environment but might
become very advantageous in adapting to a single-host-species environment, which
would support our speculations on VHSV specialist and generalist strategies in densely
monocultured host species versus limited host access in nature.

Phylogenetic reconstruction. The phylogenetic reconstruction of VHSV was in
agreement with previous studies, confirming clustering into recently defined major
genotypes (I to IV) (14-17), sublineages (la to le and IVa to IVc) (14, 15, 18-20), and
clades (la-1 and la-2) (21). However, internal branching orders deviated slightly from
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those in previous studies. A potential new sublineage (If) and two potential new clades
(la-3 and la-4) were identified within genotype I. Previous phylogenetic analyses (14, 15,
18-20, 58) were based on more limited data sets. Reduced numbers of isolates
clustering into the newly detected sublineage If and clades la-3 and la-4 most likely
affected the bootstrap support, and thus previous phylogenetic analyses might not
have had the power to detect those phylogenetic groups. Furthermore, previous
phylogenetic analyses often were conducted without a proper outgroup to resolve
evolutionary directions, which likely explains the minor deviations observed for internal
branching orders. As demonstrated by Einer-Jensen and coworkers (15), our phyloge-
netic analysis supports the assumption of a marine origin and subsequent viral emer-
gence from the marine environment into freshwater cultured rainbow trout. However,
our results neither reject nor confirm the possibility of repeated independent VHSV
emergences from the marine environment into cultured rainbow trout, which was
hypothesized previously (22). Nonetheless, the occurrence of VHSV isolates in marine
cultured rainbow trout that genetically resemble marine VHSV isolates occurring in the
geographic vicinity (23-27) and instances of VHSV infection following marine floods of
aquaculture systems (34) suggest the occurrence of repeated and independent in-
stances of VHSV emergence.

In conclusion, we provide evidence of positive selection pressure on six residues of
the VHSV G protein, within the signal peptide, the putative major antibody neutraliza-
tion site, and the intracellular tail. Evidence of positive selection was restricted to data
sets representing isolates adapted to freshwater cultured rainbow trout, indicating that
repeated emergences of VHSV in freshwater cultured rainbow trout were accompanied
by bursts of adaptive evolution in the G protein. Amino acid combinations found at the
six sites under positive selection could clearly differentiate between rainbow trout- and
non-rainbow trout-adapted isolates. Furthermore, recurring identical changes across
phylogenetic groups of rainbow trout-adapted isolates were identified, suggesting that
potentially independent instances of VHSV emergence in freshwater cultured rainbow
trout were established through convergent routes of evolution. The majority of adap-
tive sites identified were located either directly within the conformation-dependent
neutralizing epitope or in close proximity to functional regions affecting the structural
conformation of the neutralizing epitope, such as disulfide bonds, suggesting adapta-
tion to immune response-related genetic variation across rainbow trout. This was
further supported by the occurrence and maintenance of polymorphic amino acid
spectra at adaptive sites located within the conformation-dependent neutralizing
epitope.

MATERIALS AND METHODS

Sequences. A total of 273 full-length G protein sequences were retrieved from NCBI GenBank
(http://www.ncbi.nlm.nih.gov/nuccore/). Pairwise distances across all sequences were estimated using
MEGA 6.06 (59), and sequences with P distances of <0.001 were treated as identical. All but one of the
identical sequences was removed from the final data set, resulting in a panel of 198 unique sequences
analyzed. Sequences covered all four genotypes (I to IV) and various geographic regions, sampling time
points, and host species. The numbers of isolates from host species were as follows: 143 from rainbow
trout, 23 from herring, 4 from Japanese flounder, 3 each from olive flounder and turbot, 2 each from
Atlantic salmon, cod, coho salmon, eel, and sprat, and 1 each from blue whiting, dab, grayling, haddock,
lamprey, muskellunge, Norway pout, Pacific sardine, rock gunnel, rockling, round goby, and whiting.
Sequence metadata are summarized in Table SA1 in the supplemental material.

Sequence analysis. (i) Alignment. Nucleotide sequences were aligned using CLC Genomic Work-
bench (GWB) V9.5.5 software by Qiagen, using the “very accurate (slow)” alignment parameter settings,
with gap costs of 10 for opening a gap and 1 for gap extension. The nucleotide sequence length used
for phylogenetic analysis was 1,524 bases, which corresponds to the entire length of the glycoprotein
gene (G gene).

(ii) Phylogenetic analysis. Phylogenetic relationships among isolates were analyzed using GWB
V9.5.5 software. Briefly, a starting tree was constructed using the “create tree” tool, using the neighbor-
joining approach in combination with the Jukes-Cantor nucleotide distance measure. The tree was
subsequently used for substitution model comparison by using the “model testing” tool, based on the
Akaike information criterion (AIC) and the Bayesian information criterion (BIC) estimated during substi-
tution model comparison. AIC as well as BIC identified the general time-reversible substitution model
with invariant sites and gamma-distributed rate heterogeneity (GTR+1+G) as the best-fitting substitution
model. Alignment of the G gene sequences was finally used as a starting point for construction of the
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maximum likelihood tree by use of the GTR+I+G substitution model, along with 1,000 bootstrap
replications. The root position was determined using snakehead rhabdovirus (SHRV) (GenBank accession
no. AF147498) as a genetically related but distinct outgroup.

Molecular evolutionary analysis. (i) Detection of adaptive evolutionary processes. To enable
tracing of mechanisms of adaptive evolution occurring during VHSV emergence in cultured rainbow
trout, sequences were divided into sub-data sets according to phylogenetic affiliation, giving genotype-
specific data sets, sublineage-specific data sets, and clade-specific data sets (Table 1). The sub-data sets
were subjected to molecular evolutionary analysis if their corresponding phylogenetic groups (geno-
types, sublineages, or clades) had a bootstrap support level of at least 75% and included at least 7
isolates. For genotype-specific data sets that contained rainbow trout-adapted as well as marine-adapted
sublineages (data set |, representing isolates assigned to genotype I), only the sublineage-specific data
sets were subjected to molecular evolutionary analysis for tracing of adaptive events occurring during
VHSV emergence in cultured rainbow trout. Accordingly, the following 9 data sets were tested for the
presence of adaptive evolution: 3 genotype-specific data sets (Il, Ill, and 1V), 4 sublineage-specific data
sets (la, Ib, Ic, and IVa), and 2 clade-specific data sets (la-1 and la-2). Four of the data sets (la, Ic, la-1, and
la-2) represented rainbow trout-adapted isolates, and 5 data sets (Il, lll, IV, Ib, and IVa) represented
marine-adapted isolates. Data sets are summarized in Table 1.

The presence of adaptive evolution was investigated using CODEML, implemented in the software
package PAML 4.6 (60, 61). CODEML is a maximum likelihood-based program that applies different codon
substitution models that allow for heterogeneous w ratios among amino acid sites to determine
site-specific selection pressures. CODEML requires a sequence alignment file and a corresponding
phylogenetic tree file as input. Sequence alignment was conducted using CLUSTAL W (62), with the gap
open penalty value set to 30 and default parameters otherwise. The alignment was inspected by eye, and
the last three nucleotides, creating the terminal stop codon, were removed. A maximum likelihood tree
was created in MEGA 6.06 (59), using the GTR+1+G substitution model. CODEML requires a single,
unrooted tree, and thus the maximum likelihood tree was created without bootstrap resampling and
without an outgroup. The sub-data-set-specific trees were subsequently unrooted using PHYLIP
3.695 (63).

All data sets were analyzed using the substitution models MO, M1, M2, M7, and M8, developed and
described by Nielsen and Yang (64) and by Yang et al. (65) and implemented in CODEML. For all models,
the following parameters were used for calculating @ values and maximum likelihood estimates:
phylogenetic branch length, transition/transversion rate ratio (), and base frequency at the three codon
positions. Model MO assumes a uniform selection pressure, expressed by a single w parameter shared
across all amino acid sites (33). Model M1, representing evolutionary neutrality with purifying selection,
assumes a proportion (p,) of conserved amino acid sites, with 0 < w, < 1, and a proportion (p;; p; =
1 — p,) of neutral amino acid sites, where w, = 1. Model M2 is an extension of M1 which also allows for
positive selection of a proportion p, (p, = 1 — p, — p,), where w, > 1, estimated from the data. Models
M7 and M8 represent continuous models in which the w values follow a beta distribution, B(p, g), which
can assume different shapes on the interval (0, 1) (65). M7 represents a neutral selection regimen not
allowing for positive selection, whereas M8 adds a discrete class of amino acid sites accounting for
positive selection of proportion p, (p, = 1 — p,), where w, > 1, estimated from the data as a free
parameter. All models are summarized in Table SA2 in the supplemental material. Because model M1 is
nested within M2 and M7 is nested within M8, their relative fits were evaluated using a likelihood ratio
test (LRT) comparing twice the log-likelihood ratio to a x? distribution (df = 2). Evidence of positive
selection was indicated when the LRT statistically favored M2 over M1 or M8 over M7.

(ii) Detection of amino acid sites under adaptive evolution. In cases where substitution models
accounting for positive selection were statistically favored, per-site posterior probabilities were estimated
using the Bayes empirical Bayes (BEB) approach, implemented in CODEML and described by Yang et al.
(66). Accordingly, amino acid sites with w values of >1 and a related high posterior probability represent
amino acid sites under positive selection pressure and thus indicate adaptive evolution.

(i) Validation of detection robustness. Findings established with CODEML were confirmed using
two complementary algorithms implemented in the HyPhy package (67): the branch site unrestricted
statistical test for episodic diversification (BUSTED) algorithm (68) and the fast, unconstrained Bayesian
approximation (FUBAR) algorithm (69). BUSTED was applied to infer gene-wide signs of positive
selection, investigating whether the VHSV G gene experienced positive selection in at least one site on
at least one branch of the entire phylogenetic tree. Accordingly, the nine sub-data sets generated for the
CODEML analysis were each in turn defined as foreground branches in the entire data set, whereas the
remaining phylogenetic tree was defined by background branches. For each phylogenetic partition
(foreground or background branch), a codon model with three rate classes was fitted, constraining the
dN/dS ratio to w, = w, = 1 = o, in the alternative model, accounting for purifying, neutral, and positive
selection. The model fit of the alternative model was compared to that of a null model with an w, value
of 1 (disallowing positive selection) for the defined foreground branches but with an w, value of >1 for
the background branch (68). The relative fits of the models were tested as described for the CODEML
analysis. BUSTED analyses were conducted using the online version implemented at http://datamonkey
.org (70, 71), using the universal code and default settings otherwise and running each foreground
branch test in separate analyses.

FUBAR, a site-by-site approach, was applied to detect individual sites under positive selection
pressure in sub-data sets of the foreground branches detected under positive selection pressure by
either of the two detection approaches. As with CODEML, individual sites under positive selection
pressure were identified through per-site posterior probabilities estimated using a Bayesian approach
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described by Murrell et al. (69). FUBAR analyses were conducted for sub-data sets separately by using the
online version implemented at http://datamonkey.org (70, 71), with default settings as follows: 5 MCMC
chains were generated, chain length was set to 2,000,000, burn-in was 1,000,000 samples, 100 samples
were drawn from each chain, and the Dirichlet prior was set to 0.5.

Structural prediction and visualization of positions under adaptive evolution. Efforts to crys-

tallize the G protein of VHSV have so far been unsuccessful. However, the G protein structure of VSV, a
rhabdovirus of the genus Vesiculovirus, was previously characterized (38). Furthermore, the majority of
cysteine positions are comparable among rhabdoviruses and even conserved within rhabdovirus genera
(37, 72), indicating conservation of the overall protein structure. The overall similarity among rhabdovirus
G protein structures thus facilitated potential protein structure prediction of the VHSV G protein through
homology modeling using known rhabdoviral G protein structures as the template. The G protein
sequence of DK-3592b, a rainbow trout-adapted isolate (genotype I, sublineage la, clade la-3), was
chosen for protein prediction analysis. The first 20 amino acids, representing the signal peptide of the G
protein, are not part of the mature protein (37) and thus were removed from the G protein sequence of
DK-3592b. However, the applied amino acid numbering nevertheless includes the signal peptide, i.e., the
first residue in the mature protein corresponds to aa21. In addition, potential membrane-spanning
regions (aa462 to aa488; potential transmembrane helix) and adjacent intercellular regions were pre-
dicted using TMPred software (http://www.ch.embnet.org/software/TMPRED_form.html) and were also
removed from the G protein sequence of DK-3592b. The final protein sequence used for protein structure
prediction had a length of 441 amino acids, spanning aa21 to aa462 of the encoded protein sequence.
Based on homology modeling using CPHmodels software (73), the G protein of VSV in its postfusion
conformation (Protein Data Bank [PDB] accession no. 2CMZ) was identified as a potential homolog
template and subsequently used to predict the G protein structure of VHSV. Structural prediction of the
G protein of DK-3592b was performed with Modeler 9.12 (74), using the G protein of VSV (accession no.
2CMZ) as the template. The following two predictions were conducted: a simple prediction based on
template and alignment information and a constrained prediction that allowed restraining of previously
identified disulfide bonds (37). For each prediction, five potential models were constructed and evalu-
ated using the ModEval online server provided at http://modbase.compbio.ucsf.edu/evaluation (75-77).
To assess model quality, ModEval estimates a GA341 score, which is based on target-template sequence
identity, structural compactness, and potential energy of the predicted protein and was described in
detail by John and Sali (36). Based on the GA341 score, the protein structure with the highest prediction
probability was depicted and structural positions of amino acids under positive selection pressure were
visualized using VMD 1.9.1 (78). To investigate potential structural differences between phylogenetic
groups, protein structure prediction was repeated in a comparable manner for isolate DK-5e59 (genotype
I, sublineage Ib; marine isolate) and isolate BC93372 (genotype IV, sublineage 1Va; marine isolate).
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